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Abstract. Figures of merit condensing the performance parameters of radiation sensors such as responsivity,
noise equivalent power, and time constant in a single number can be useful for rating the performance of a
particular sensor in comparison to other ones or to fundamental performance limits. The classiﬁcation system
andtheﬁguresofmeritofradiationsensorsintroducedbyR.C.Jonesarerevisitedforthermalradiationsensors
with the focus on thermopiles and bolometers. As a result it is stated that radiation thermopiles and bolometers
should be classiﬁed diﬀerently: type III detectors for thermopiles vs. type II detectors for bolometers. Modiﬁed
ﬁgures of merit are suggested and relations between them given. The ﬁgures of merit are applied in an overview
on state-of-the-art thermopiles and bolometers operated at room temperature.
1 Introduction
Thermal radiation sensors belong to the class of thermal sen-
sors (van Herwaarden and van Oudheusden, 1994; Budzier
and Gerlach, 2011). They are based on two signal transduc-
tion stages: radiation to thermal and thermal to electrical. In
the ﬁrst stage, the input radiation power is converted into heat
by an absorber, which creates or changes a temperature gra-
dient in a thermal isolation structure. In the second stage,
this intermediate signal is converted into the electrical output
signal using a temperature (diﬀerence) transducer. The ther-
mal sensor principle constitutes the fundamental diﬀerence
between thermal and photonic radiation sensors (e.g. photo-
conductors) based on quantum detection and results in such
typical features of thermal radiation sensors as uncooled op-
eration and broadband response over the infrared spectrum
enabled by appropriate volume absorbers.
Radiation sensors can be characterized by several mea-
sured quantities; among them are responsivity, time constant,
and noise equivalent power, which are important parameters
to assess the suitability of a given radiation sensor for a spe-
ciﬁc application. For a comparison of various radiation sen-
sors it is expedient to condense these parameters preferably
in a single number serving as a ﬁgure of merit, which can
help the potential user of these sensors to rate the perfor-
mance of a particular sensor in comparison to other ones or
to fundamental performance limits due to physical principles
set by, e.g. temperature ﬂuctuations and background radia-
tion. R. C. Jones pioneered this topic comprising the ultimate
sensitivity of radiation sensors (Jones, 1947) and their classi-
ﬁcation (Jones, 1949a) as well as appropriate ﬁgures of merit
(Jones, 1949b) and the introduction of the speciﬁc detectivity
D∗ (Jones, 1957). The unit of measurement of D∗ was later
named after him (cmHz1/2 W−1 = Jones) in recognition of his
work.
The purpose of the present paper is to revisit the topic for
thermal radiation sensors. We will focus on two very com-
mon thermal radiation sensors: the bolometer and the radia-
tion thermocouple or thermopile, the latter terming a serial
connection of a number of thermocouples. The bolometer
uses the thermoresistive eﬀect, i.e. the temperature depen-
dence of an electric resistor, for temperature sensing, while
the thermopile applies the thermoelectric or Seebeck eﬀect in
a thermocouple to implement a temperature diﬀerence trans-
ducer (for respective reviews of bolometers and thermopiles
for infrared detection see, e.g. Richards, 1994, and Graf et
al., 2007).
Our paper is organized as follows: the basic theory of ther-
mal radiation sensors will be set forth in Sects. 2 and 3. Sum-
marizing these sections, Fig. 1 describes in a pictorial way
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Figure 1. Illustration of the sensing principle of thermal radiation detectors including the signal generation, the main sources of noise, and
the resulting speciﬁc detectivity.
Table 1. Summary of the ﬁgures of merit for bolometers and thermocouples/thermopiles.
Quantity Bolometer Thermocouple(pile) Ratio (BO/TC)
n 2 3
k
0
n(m/Wsn/2) k
0
2 = D∗/
√
τ
cf. Eq. (38)
k
0
3 = D∗/τ
cf. Eq. (38)
k
0
2/k
0
3 =
√
τ
MnH (dimensionless) M2H = k
0
2/k
0
2H
cf. Eq. (44)
M3H = k
0
3/k
0
3H
cf. Eq. (46)
M2H/M3H =
√
τ/τH
Mn (dimensionless) M2 = k
0
2/k
0
2T(cA)
cf. Eqs. (43), (39)
M3 = k
0
3/k
0
3J(cA)
cf. Eqs. (50), (51), (40)
M2/M3 =
√
τ/τR(cA)
the general idea and the key formulae concerning signal gen-
eration, noise, and speciﬁc detectivity of these sensors. In
Sect. 4, Jones’ statement that both thermopiles and bolome-
ters can be classiﬁed as type II detectors (Jones, 1949a) will
be reviewed and modiﬁed ﬁgures of merit suggested, espe-
cially for thermopiles. Table 1 provides a summary of these
ﬁguresofmerit,whichwillthenbeappliedinSect.5toquan-
tify their performance in an overview of state-of-the-art ther-
mal radiation sensors based on room-temperature-operated
thermopiles and bolometers.
2 Parameters of thermal radiation sensors
2.1 Heat capacitance, conductance, and transfer
coefﬁcient
The thermal isolation structure, which is necessary to gener-
ate the temperature diﬀerence ∆T as the intermediate signal
of the thermal sensor, is characterized by its heat capacitance
C and heat conductanceG. If we assume that the thermal iso-
lation structure is a membrane of thickness d and a size es-
sentially comprising the receiving area A of the sensor, which
results in a volume V =Ad, then the heat capacitance can be
readily calculated from the corresponding speciﬁc quantities,
i.e. the volumetric heat capacity cV and the heat capacity per
unit area cA =cVd,
C = cVV = cAA. (1)
The heat conductance results from the temperature diﬀerence
∆T generated by the heat load P applied at the membrane
according to
G = P/∆T. (2)
Corresponding to the membrane geometry, it is useful to re-
late the thermal conductance to the receiving area by a heat
transfer coeﬃcient
H =G/A. (3)
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The total heat transfer comprises three components: by radi-
ation (HR), by conduction of the functional layers forming
the temperature transducer (HC), and by parasitic heat ﬂows
(HP) originating, e.g. from a surrounding gas atmosphere or
any layers of the thermal isolation structure other than the
functional layers considered above, hence
H =
X
i
Hi = HR +HC +HP, (4)
(index i=R, C, P). The heat transfer by radiation sets a
minimum for the total heat transfer. Its heat transfer coeﬃ-
cient can be calculated from Stefan’s law assuming ∆T  T,
which results in
HR = 4εσSBT3 (5)
(cf. Eq. 3.6 in Jones, 1947). Here ε is the absorptivity or
emissivity of the receiving area, σSB the Stefan–Boltzmann
constant, and T the operational temperature. Equation (5)
yields HR =6.12Wm−2 K−1 at T =300K and ε = 1. The heat
transferbyconductionofthefunctionallayersisproportional
to their thermal conductivity κ, hence
HC = κ/g, (6)
where g is a geometric factor expressed in length units.
2.2 Responsivity and time constant
The responsivity S of a thermal sensor is given by
S =
S 0
1+ j·2πfτ
, S 0 =
ε|ς|
G
, (7)
where S 0 denotes the dc (f = 0) responsivity, j the imaginary
unit, f the operational frequency, and τ the thermal time con-
stant, which reﬂects the dynamic behaviour of the sensor,
τ =C/G = cA/H. (8)
BasedontheanalysispresentedinEq.(4),thereciprocaltime
constant is analogously written as
1
τ
=
X
i
1
τi
=
1
τR
+
1
τC
+
1
τP
, τi =
cA
Hi
. (9)
The thermometric transduction coeﬃcient ζ (unit of mea-
surement VK−1) indicates the strength of the transduction
from the thermal to the electrical domain by the transducer.
Considering the radiation thermocouple (TC), the transduc-
tion coeﬃcient is equal to its Seebeck coeﬃcient γ. A
bolometer (BO), however, needs a bias current causing a
voltage drop U to generate the signal voltage:
ς
(TC) = γ, ς
(BO) = αU. (10)
Here α = (1/R)(dR/dT) is the temperature coeﬃcient of the
electrical resistance R of the bolometer. Thus, the essential
diﬀerence regarding the transduction coeﬃcients of these al-
ternative thermal radiation sensors is that ζ(TC) contrary to
ζ(BO) depends on a material parameter only. For compari-
son of the bias-dependent properties of bolometers of dif-
ferent size and resistance, it is advisable to refer to their bias-
induced temperature diﬀerences. The bias voltage can be ex-
pressedintermsoftheJouleheatingpower Por,withEq.(2),
the bias-induced temperature diﬀerence ∆T as
U =
√
RP =
√
RG∆T. (11)
Using Eq. (8), one obtains a relation between U and τ, which
reads
U =
p
RC∆T/τ. (12)
2.3 Noise equivalent power and detectivity
The noise equivalent power N of a radiation sensor is the
incident radiation power yielding a signal-to-noise ratio of
unity at the sensor’s output. Usually, the squared noise equiv-
alent power per unit bandwidth ∆f,
NEP2 = N2/∆f, (13)
is considered, which results in the unit of measurement
WHz−1/2 for NEP. Actually, Eq. (13) applies to the optical
NEP, which has to be distinguished from the electrical NEP
referring to an ideal (blackbody) emissivity ε = 1 according
to the relation NEPel = ε·NEP. The bandwidth is limited by
the dynamic behaviour of the sensor, i.e.
∆f =
∞ Z
0
    
S
S 0
    
2
df =
∞ Z
0
df
1+(2πfτ)2 =
1
4τ
. (14)
With the maximum bandwidth from Eq. (14), NEP2 = 4N2τ
is deduced for the minimum NEP from Eq. (13). The detec-
tivity DissimplythereciprocaloftheNEP,whilethespeciﬁc
detectivity D∗ is deﬁned by D∗ = A1/2D (Jones, 1957), hence
D∗ =
p
A∆f/N =
√
A/NEP. (15)
The total NEP of a thermal sensor comprises at least two
principal components caused by the temperature ﬂuctuation
noise (NEPT) of the thermal isolation structure (also termed
phonon or thermal noise) and by the Johnson noise (NEPJ)
of the temperature transducer, which amounts to
NEP2 = NEP2
T +NEP2
J. (16)
The following analysis will be restricted to these fundamen-
tal components, neglecting additional noise sources such as,
e.g. 1/f noise.
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3 Analysis of the principal noise components
3.1 Temperature ﬂuctuation noise
The mean square temperature ﬂuctuation depends on the heat
capacitance and is given by
∆T2 = kBT2/C, (17)
where kB denotes Boltzmann’s constant, cf. Eq. (2.4) in
Jones (1947). By analogy with the squared Eq. (2), the re-
lation
G2 =
NEP2
Tel∆f
∆T2
, NEP2
Tel = (ε·NEPT)2 (18)
can be established, where NEPTel is the electrical NEP due
to temperature ﬂuctuations. Using Eqs. (8), (14), and (17)
Eq. (18) can be rewritten (Mather, 1982) as
NEP2
Tel = 4kBT2G. (19)
The corresponding speciﬁc detectivity bounded by tempera-
ture ﬂuctuations is readily calculated from Eqs. (3), (15), and
(19) to be
D∗
Tel =
1
2T
√
kBH
=
1
2T
r
τ
kBcA
. (20)
3.2 Johnson noise
From the Johnson noise power spectral density 4kBTR of the
transducer’s electrical resistance R, the NEP due to Johnson
noise is given by
NEP2
J = 4kBTR/|S|2. (21)
Equation (21) can be related to Eq. (19), which results in
 
NEPJ
NEPT
!2
=
R
RD
·
h
1+(2πfτ)2i
(22)
by applying Eq. (7) and introducing the dynamic resistance
RD = ζ2T/G, cf. Smith et al. (1968). Since operation at
f >0 increases the Johnson noise, we will hereafter consider
its dc minimum, designated by the subscript “0”, NEPJ0 =
(R/RD)1/2NEPT. The resistance ratio RD/R is also known as
the dimensionless ﬁgure of merit M of a thermal sensor,
M = ς2T/(RG), (23)
hence
NEP2
J0 = NEP2
T/M. (24)
M  1 stands for prevailing Johnson noise, while M 
1 means that temperature ﬂuctuation noise is dominating.
Again, based on the analysis by Eq. (4) and substituting Hi
by τi, cf. Eq. (9), the reciprocal dimensionless ﬁgure of merit
can be written as
1
M
=
X
i
1
Mi
=
1
MR
+
1
MC
+
1
MP
, Mi =
τi
µ
. (25)
Here
µ =
τ
M
=
RC
ς2T
(26)
can be interpreted as the time constant in the case that both
Johnson and temperature ﬂuctuation noise have an equal
share in the total noise (M = 1). The corresponding speciﬁc
detectivity bounded by Johnson noise at dc operation is
D∗
J0 = D∗
T
√
M = D∗
T
p
τ/µ, D∗
T = ε·D∗
Tel. (27)
The diﬀerent expressions of the transduction coeﬃcient ζ of
bolometers and thermocouples, cf. Eq. (10), translate into
diﬀering relations for µ and M = τ/µ, respectively. Due to
the dependence of the bias voltage U on τ, cf. Eq. (12), µ(BO)
is proportional to τ while M(BO) does not depend on τ. Using
Eqs. (10) and (12),
µ
(BO) =
τ
M(BO), M
(BO) = α2T∆T (28)
is deduced from Eq. (26). Concerning thermocouples, how-
ever, M(TC) is proportional to τ while µ(TC) does not depend
on τ in a reversal of the respective results for bolometers:
µ
(TC) =
cARA
γ2T
, M
(TC) =
τ
µ(TC). (29)
Alternatively to Eq. (29), µ(TC) can be expressed by the rela-
tion µ(TC) = τC/M
(TC)
C , cf. Eq. (25) for i =C. M
(TC)
C is identi-
cal to the dimensionless thermoelectric ﬁgure of merit ZT,
which is the crucial material parameter for increasing the
thermoelectric conversion eﬃciency. This parameter is re-
lated to the material properties of the thermocouple trans-
ducer according to the formula (Nolas et al., 2001)
ZT =
 
γp −γn
√κpρp +
√
κnρn
!2
T. (30)
Here γm with m = n, p is the absolute Seebeck coeﬃcient of
the m type thermocouple leg combining into γ = γp −γn, κm
is its thermal conductivity, and ρm its electrical resistivity.
Note that ZT referring to the heat transfer by conduction of
the functional layers has to be distinguished from the general
dimensionless ﬁgure of merit M referring to the total heat
transfer. In fact, M(TC) < M
(TC)
C = ZT holds due to parasitic
and radiative heat losses in accordance with Eq. (25). Equa-
tion (20) as well as Eqs. (28) and (29) allow for specifying
the detectivity formula presented by Eq. (27). Thus,
D
∗(BO)
J0 =
ε|α|
2
r
∆T
cAkBT
√
τ (31)
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Detectivity: radiation thermocouples vs. bolometers
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Figure 2. Options for raising the speciﬁc detectivity of thermocouples and bolometers.
and
D
∗(TC)
J0 =
εγ
2cA
τ
√
kBTRA
(32)
are obtained.
3.3 Total noise
The total noise in the dc limit is given by
NEP2
0 = NEP2
T(1+1/M) (33)
in accordance with Eqs. (16) and (24). The corresponding
speciﬁc detectivity reads
D∗
0 = D∗
T
r
M
1+ M
= D∗
T
r
τ
µ+τ
. (34)
Specifying this equation, again for bolometers and thermo-
couples individually, yields
D
∗(BO)
0 =
ε
2
√
τ
q
cAkBT

1
α2∆T +T
 (35)
and
D
∗(TC)
0 =
εγ
2
τ
p
cAkBT
 
cARA+γ2Tτ
. (36)
Evidently, Eqs. (32) and (36) related to thermocouples also
apply to thermopiles.
Figure 1 outlines the basic theory of thermal radiation sen-
sors presented in Sects. 2 and 3. The diﬀerences between
thermocouples and bolometers as to their dimensionless ﬁg-
ure of merit, and hence their speciﬁc detectivity depicted in
Fig. 2, are crucial regarding their diﬀerent classiﬁcation in
the subsequent Sect. 4.
4 Sensor classiﬁcation and ﬁgures of merit
4.1 Classiﬁcation system
R. C. Jones introduced a classiﬁcation system for radiation
detectors by relating their noise equivalent power N to the
receiving area A and time constant τ according to
N(A,τ) = (1/kn)
p
A/τn, (37)
cf. Eq. (9.2) in Jones (1949a), where kn is a constant, which is
independent of A and τ. The exponent n is the number deter-
mining the classiﬁcation as a type n detector. Evidently, since
for a given area and time constant it is desired to make N as
small as possible, kn is a ﬁgure of merit for the type n detec-
tor (Jones, 1949b). Concerning bolometers and thermopiles,
both were classiﬁed as type II detectors by Jones (1949a).
Applying Eqs. (13), (14), and (15), Eq. (37) can be rewritten
in terms of the speciﬁc detectivity D∗ to be
D∗(τ) = k
0
n
√
τn−1, (38)
where k0
n = kn/2 is the modiﬁed ﬁgure of merit related to D∗
for the type n detector. While equivalent to the one based
on the noise equivalent power, the classiﬁcation based on the
dependence of the speciﬁc detectivity on the time constant
is probably a particularly concise way to classify a radiation
detector. Due to Eq. (38) the speciﬁc detectivity of type I
detectors is independent of τ, while being proportional to τ
for type III detectors. Type II detectors lie in between with a
proportionality to τ1/2.
Comparing Eq. (38) with Eq. (20) we ﬁnd that thermal
radiation sensors dominated by temperature ﬂuctuation noise
(M  1) are type II detectors with a speciﬁc detectivity,
D∗
Tel(τ) = k
0
2T
√
τ, k
0
2T(cA) =
1
2T
√
kBcA
. (39)
4.2 Thermodynamic and Havens’ limit
It is useful to refer kn and k0
n to some limiting values, thus
replacing these ﬁgures having rather inconvenient dimen-
sional units (mW−1 s−n/2) by dimensionless ﬁgures of merit
for type n detectors with unity as their value at the respective
limit. The radiative heat exchange quantiﬁed by Hmin = HR,
cf. Eq. (5), inevitably establishes a fundamental thermody-
namic limit corresponding to a lower bound on the noise
equivalent power and an upper bound on the time constant
τmax = τR(cA) = cA/HR (40)
in accordance with Eq. (9) as well as on the speciﬁc detectiv-
ity, which is calculated to be
D∗
max = D∗
Tel(τmax) = k
0
1T, k
0
1T =
1
4
p
kBσSBT5
(41)
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by applying Eqs. (39) and (40) and substituting HR at ε = 1
using Eq. (5). Here k0
1T is the limiting value referring to type I
detectors. Hence, the dimensionless ﬁgure of merit M1 for a
type I detector, which was proposed by Jones, cf. Eq. (2.4)
in Jones (1949b), reads
M1 = k
0
1/k
0
1T. (42)
We readily calculate k0
1T = 1.81×108 mW−1 s−1/2 at T =
300K corresponding to a maximum speciﬁc detectivity of
1.81×1010 cmHz1/2 W−1.
Analogously to Eq. (42), the dimensionless ﬁgure of merit
M2 for a type II detector can be written as
M2 = k
0
2/k
0
2T(cA). (43)
The limiting value k0
2T referring to type II detectors and cor-
related with the physical limit due to the temperature ﬂuctua-
tion noise, cf. Eq. (39), depends not only on T but also on the
heat capacity per unit area cA. This is an essential drawback
in regard of the practical usability of M2 since data concern-
ing cA are commonly unavailable to the user contrary to D∗
and τ data. k0
2 can be expressed in terms of the minimum
detectable energy related to the square root of the receiving
area Q = Nτ/A1/2 (unit of measurement Wsm−1). Rewriting
Eq. (37) for n = 2 yields Q = 1/k2 = 1/(2k0
2). Hence, the lim-
iting value k0
2T corresponds to a lower bound Qmin = 1/(2k0
2T)
∝ c
1/2
A . In principle, cA = cVd and hence Qmin can be arbitrar-
ily low. In practice, however, there are threshold values con-
cerning the thickness d as well as the volumetric heat capac-
ity cV of the thermal isolation structure. Havens (1946) made
an engineering estimate of the minimum detectable energy of
thermal radiation sensors at room temperature based on the
state of the art in the middle of the 20th century. Known as
Havens’ limit, it was in no way intended to be a fundamental
limit, and set a value QH = 3×10−9 Wsm−1, which translates
into k0
2H =1.67×108 mW−1 s−1. Using this value instead of
the general limiting value k0
2T(cA) we get, as a special case
of Eq. (43), another dimensionless ﬁgure of merit M2H for a
type II detector, which reads
M2H = k
0
2/k
0
2H. (44)
This ﬁgure of merit was originally proposed by Jones, cf.
Eq. (2.6) in Jones (1949b). The heat capacity per unit area
corresponding to Havens’ limit is calculated from k0
2H =
k0
2T(cAH) to be cAH = 7.24Wsm−2 K−1. With Eq. (40) the
maximum time constant of a sensor obeying Havens’ limit
is τH = τR(cAH)=1.18s. Havens’ limit can also be expressed
by use of the speciﬁc detectivity
D∗
2H(τ) = k
0
2H
√
τ. (45)
4.3 Classiﬁcation of thermopiles and bolometers
The classiﬁcation is based on Eq. (38). Due to the pro-
portionality D∗ ∝ τ1/2, cf. Eq. (35), bolometers are type II
detectors regardless of whether temperature ﬂuctuation or
Johnson noise is dominating. Hence, the above ﬁgures of
merit M2 and M2H are applicable. Thermocouples and ther-
mopiles, however, exhibit a linear dependence D∗ ∝ τ in the
case of prevailing Johnson noise, cf. Eq. (32). Hence, they
should be classiﬁed diﬀerently as type III detectors in that
case. Moreover, M(TC) <ZT =1 holds in practice since, in
spite of all eﬀorts in thermoelectric materials research, no
material showing a dimensionless thermoelectric ﬁgure of
merit signiﬁcantly greater than ZT ∼1 has been found to date
(Venkatasubramanian et al., 2001). Given the fact that typi-
cally M(TC) ZT due to primarily parasitic heat ﬂows, it can
be assumed that Johnson noise is prevailing for thermopiles
in virtually all cases. On this view, their diﬀerent classiﬁca-
tion compared with bolometers is generally applicable. Ad-
vanced thermoelectric materials based on superlattice struc-
tures with ZT up to 2.4 (Venkatasubramanian et al., 2001)
have not been employed in radiation thermopiles yet, ﬁrst of
all owing to their delicate preparation. If, in future, improved
radiation thermopiles based on such materials can be fabri-
cated, while avoiding major parasitic losses, then the inter-
mediate case between type II and type III, cf. Eq. (36), could
gain some practical signiﬁcance.
Obviously, the physical reason for the diﬀerent classiﬁca-
tion of thermocouples and thermopiles on the one hand and
bolometers on the other hand is the diﬀerence in the trans-
ductioncoeﬃcients,cf.Eq.(10).Whilethethermocouplehas
a constant ζTC, the bolometer exhibits a ζBO proportional to
the bias voltage U, which in turn is proportional to 1/τ1/2, cf.
Eq. (12). If, as an example, the time constant is halved by any
modiﬁcation, e.g. the use of a better conducting ﬁlling gas to
enhance HP, this will result in a corresponding halving of the
speciﬁc detectivity of a radiation thermopile. Considering a
bolometer, however, the halving of the time constant enables
an increase of the bias voltage by a factor square root of 2
to maintain the bias-induced temperature diﬀerence, which
partially compensates the reduction of the speciﬁc detectiv-
ity resulting in its decrease only by a factor square root of 2
instead of its halving.
For thermopiles as type III detectors certainly the ﬁgures
of merit M2 and M2H are not applicable. Instead, by analogy
with Havens’ limit, it would seem natural to replace M2H by
a ﬁgure of merit M3H,
M3H = k
0
3/k
0
3H. (46)
The corresponding speciﬁc detectivity replacing Eq. (45) is
D∗
3H(τ) = k
0
3Hτ, (47)
where
D∗
3H(τH) = D∗
2H(τH) = D∗
max. (48)
From Eq. (48) it can be deduced that
k
0
3H = k
0
2H/
√
τH, (49)
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Figure 3. Parameters D∗ and τ of a selection of commercial as well
as non-commercial thermoelectric (•) and bolometric () radiation
sensors and sensor arrays operated at room temperature. For the
tag numbers cf. Tables 3 and 4. D∗
max(τ) is the speciﬁc detectivity
due to the thermodynamic limit (solid line), D∗
2H(τ) the one due to
Havens’ limit related to type II detectors (dashed line) and D∗
3H(τ)
the one due to its type III detector analogue (dot-dashed line). τH is
the maximum time constant within Havens’ limit (dotted line).
resulting in k0
3H = 1.53×108 mW−1 s−3/2. As its counterpart
k0
2H the limiting value k0
3H does not correspond to a funda-
mental limit. In other words, contrary to M1, the ﬁgures of
merit M2H and M3H can be greater than 1. However, though
Havens’ estimate is more than 60yr old, ﬁgures of M2H and
M3H above unity indicating an outstanding performance are
still the exception for bolometers or thermopiles operated at
room temperature. Generalizing the concept leading to M3H,
a ﬁgure of merit M3 can be introduced by analogy with M2,
cf. Eq. (43), as
M3 = k
0
3/k
0
3J(cA). (50)
Here k0
3J is the limiting value referring to type III detectors
given analogously to Eq. (49) by
k
0
3J(cA) = k
0
2T(cA)/
p
τR(cA). (51)
Again k0
3J depends not only on T but also on cA, whereby
k0
3H = k0
3J(cAH) applies analogously to k0
2H = k0
2T(cAH). Con-
trary to M2, which is correlated with the fundamental tem-
perature ﬂuctuation noise limit, but similar to M2H and M3H
the ﬁgure of merit M3 does not refer to a fundamental limit.
For clarity reasons all ﬁgures of merit relating to bolome-
ters and thermopiles are compiled again in Table 1. More-
over, these ﬁgures can be related to the dimensionless ﬁg-
ure of merit M = RD/R, cf. Eq. (23), and its radiative com-
ponent MR, cf. Eq. (25). These relations are summarized in
Table 2. Considering these relations it becomes clear how
Table 2. Summary of the relations between the ﬁgures of merit
quoted in Table 1 and the dimensionless ﬁgure of merit M and its
radiative component MR.
Bolometer Thermocouple(pile) Ratio (BO/TC)
k
0
2 = k
0
2T
q
M
1+M k
0
3 =
k
0
2T √
µ+τ = k
0
2T
q
M
τ(1+M)
k
0
2
k
0
3
=
√
τ
M2H =
q
cAH
cA
M
1+M M3H =
cAH
cA
q
MR
1+M
M2H
M3H =
q
cA
cAH
M
MR
M2 =
q
M
1+M M3 =
q
MR
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M2
M3 =
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Comparison to experiment: Thermocouples
Figure 4. Dimensionless ﬁgure of merit M3H measuring D∗/τ of
the thermoelectric radiation sensors plotted in Fig. 3 in units of k0
3H.
For the limiting value k0
3J(cA) cf. Eq. (51).
the ﬁgures of merit k0
2 and k0
3 as well as their dimension-
less equivalents M2H and M3H can be pushed to their limits
set by thermal ﬂuctuation noise as represented by k0
2T. For
bolometers, M(BO) and hence the temperature coeﬃcient of
resistance α and the bias temperature ∆T have to be max-
imized. For thermocouples, on the other hand, µ(TC) has to
be minimized, which means that the ratio γ2/R (also known
as power factor since a high Seebeck coeﬃcient combined
with a low resistance is advantageous) has to be maximized,
whereas the heat capacitance C has to be minimized. Thus,
employing better transducer materials showing higher values
of α and γ2/R is the ﬁrst option for improvement. Employ-
ing better technologies aiming at realizing very thin (low C)
but mechanically and thermally (high ∆T) stable structures
is the second option. At the thermal ﬂuctuation limit, how-
ever, the only way to further improve these ﬁgures of merit at
room temperature is a reduction of the heat capacity per unit
area cA = cVd as expressed by Eq. (39), which again calls for
improved technologies needed to enable very thin but still
functional thermal isolation structures.
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Table 3. Dimensionless ﬁgure of merit M3H and references of the tag numbers of the thermoelectric radiation sensors, cf. Figs. 3 and 4.
Tag number M3H Reference
1 0.26 Lahiji and Wise (1982)
2 0.018 Sarro et al. (1988)
3 1.14 1.36 V¨ olklein et al. (1991)
4 0.16 Lenggenhager et al. (1993)
5 0.17 0.30 Schieferdecker et al. (1995)
6 0.91 Foote et al. (1998)
7 0.046 M¨ uller et al. (2000)
8 7.12 9.63 Foote et al. (2003)
9 0.47 Dillner et al. (2004)
10 0.70 Dillner et al. (2006)
11 1.52 Hirota et al. (2007)
12 0.06 Wang et al. (2010)
13 0.73 Chen (2012)
14 1.07 Haenschke et al. (2012)
15 0.17 Thermopile 3M Datasheet, Dexter Research Center Inc., www.dexterresearch.com
16 0.52 Thermopile DR46 Datasheet, Dexter Research Center Inc., www.dexterresearch.com
17 0.91 Thermopile S25 Datasheet, Dexter Research Center Inc., www.dexterresearch.com
18 0.98 Thermopile HTS A11 Datasheet, Heimann Sensor GmbH, www.heimannsensor.com
19 0.91 Thermopile HTS A21 Datasheet, Heimann Sensor GmbH, www.heimannsensor.com
20 0.41 Thermopile Array HTPA 32x31 Datasheet, Heimann Sensor GmbH, www.heimannsensor.com
21 1.03 Thermopile TS-80 Datasheet, IPHT, www.ipht-jena.de
22 0.51 Thermopile TS-144 Datasheet, IPHT, www.ipht-jena.de
23 0.59 Thermopile Array TPL640Xe Datasheet, Micro-Hybrid Electronic GmbH, http://www.micro-hybrid.de
24 0.10 Thermopile MLX90247 Datasheet, Melexis Microelectronic Integrated Systems, www.melexis.com
25 0.42 Thermopile T11262-01 Datasheet, Hamamatsu Photonics K.K., www.hamamatsu.com
5 Overview on room-temperature-operated
thermopiles and bolometers
This section is intended to provide an overview, which makes
no claim to being complete but is for illustration purposes
only, on thermoelectric and bolometric radiation sensors in
theframeworkoftheaboveﬁguresofmerit.Spanningthelat-
est 3 decades, the diagrams presented in Figs. 3 to 5 include
a selection of commercial as well as non-commercial sensors
and sensor arrays operated at room temperature. In the dia-
grams, a particular sensor is tagged by a number referenced
in Table 3 for thermopiles and in Table 4 for bolometers. A
double occurrence of a reference number in a diagram rep-
resents two diﬀerent sensors qualiﬁed in one and the same
reference. If the detectivity was not reported explicitly in a
reference, it was recalculated from related S, R, and A data or
from the published noise equivalent temperature diﬀerence
(NETD) achieved by the thermal imaging setup with a focal
plane array (FPA) consisting of corresponding bolometer or
thermopile pixels. Similarly, the time constant, if not explic-
itly given, was recalculated from the bandwidth.
Figure 3 presents an overall picture of both D∗ and τ of
all sensors considered and enables a comparison of the data
among each other and with the thermodynamic limit as well
as with Havens’ limit for type II detectors and its analogue
for type III detectors. The values of the speciﬁc detectivity
of the sensors span almost 2 orders of magnitude between
2.4×107 cmHz1/2 W−1 and 1.8×109 cmHz1/2 W−1, while the
time constants include more than 3 orders of magnitude be-
tween 0.5ms and 1s. Figure 4 shows the dimensionless ﬁg-
ure of merit M3H of the thermoelectric radiation sensors with
values reaching from 0.018 to 9.63. The dimensionless ﬁgure
of merit M2H of the bolometric radiation sensors with values
reaching from 0.021 to 2.17 is presented in Fig. 5. Notwith-
standing that M3H as well as M2H can exceed unity at best,
boththethermoelectricandthebolometricsensorsaremostly
Johnson noise limited corresponding to M <1, cf. Eq. (24).
The separate presentation of thermopiles and bolometers
in Figs. 4 and 5, respectively, complies with their diﬀerent
classiﬁcation and enables a comparison of their data with
the related limiting values k0
3J and k0
2T. Both these limiting
values depend on the heat capacity per unit area. They in-
crease with decreasing cA so that, in the end, cA = cVd is
the key limiting parameter and should be as low as possi-
ble. The M3H and M2H value of a particular sensor allows
for the calculation of an upper bound on cA of the sen-
sor concerned without knowing cA itself by use of the for-
mulae cA ≤cAH/M3H and cA ≤cAH/M2
2H, respectively. These
inequalities are easily deduced from the relations concern-
ing M3H and M2H listed in Table 2. As a guide, the lim-
its correlated with cA =0.1Wsm−2 K−1 and its tenfold value
1Wsm−2 K−1 are explicitly indicated in the graphs of Figs. 4
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Table 4. Dimensionless ﬁgure of merit M2H and references of the
tag numbers of the bolometric radiation sensors, cf. Figs. 3 and 5.
Tag number M2H Reference
26 2.17 Schnelle et al. (1984)
27 0.60 Wood (1993)
28 0.20 Tanaka et al. (1996)
29 0.64 Radford et al. (1998)
30 0.88 Dong et al. (2002)
31 0.085 Zintu et al. (2002)
32 0.86 Tissot et al. (2005)
33 0.12 Yue et al. (2006)
34 0.053 Liu et al. (2007)
35 0.087 Saxena et al. (2008)
36 1.15 Karanth et al. (2009)
37 0.021 Kumar and Butler (2009)
38 0.95 Tissot et al. (2010)
39 0.031 Wang and Li (2010)
40 0.23 Vera-Reveles et al. (2011)
and 5 together with the corresponding upper bounds on the
time constant, cf. Eq. (40). Thus, considering Fig. 4, it can
be concluded that, e.g. the heat capacity per unit area of the
thermopile sensor showing the highest values of M3H might
be considerably below the level of 1Wsm−2 K−1 indicated in
the graph. Similarly, considering Fig. 5, the heat capacity per
unit area of the bolometer showing the highest value of M2H
is concluded to be again clearly below that level. Assuming a
volumetric heat capacity cV =106 Wsm−3 K−1 as an estimate
of its order of magnitude, the resulting thickness d would
consequently be of the order of 100nm in either case.
6 Conclusions
Since bolometers and radiation thermopiles show diﬀerences
in their dependence of the speciﬁc detectivity on the time
constant (D∗ ∝ τ1/2 vs. D∗ ∝ τ) they should be classiﬁed
diﬀerently (type II vs. type III detectors). As a consequence
of this diﬀerent behaviour, the ratio k
0
2 = D∗/
√
τ is an
appropriate ﬁgure of merit for rating the performance of
a particular bolometer-based thermal radiation sensor in
comparison to other ones, while k
0
3 = D∗/τ is its equivalent
appropriate to thermopile radiation sensors. To create
dimensionless ﬁgures of merit for convenience it is expe-
dient to relate the dimensioned ﬁgures k0
2 and k0
3 to some
suitable reference values, e.g. k0
2H = 1.67×108 mW−1 s−1
and k0
3H = 1.53×108 mW−1 s−3/2, which correspond to
Havens’ limit representing no fundamental limit but an early
engineering estimate.
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